ABSTRACT: Biomarkers providing in vivo quantification of the basic elements of cystic fibrosis (CF) lung disease are needed. A study was performed to determine whether the absorption of a small radiolabelled hydrophilic molecule (Indium-111 (In-)DTPA) would be increased in CF airways. DTPA clearance has been used previously to assess epithelial permeability and may also be useful for quantifying liquid absorption.
T
here is a substantial need for new biomarkers in the study of cystic fibrosis (CF) lung disease [1] . Conventional end-points, such as rate of decline in forced expiratory volume in 1 s (FEV1), require prolonged trials and large sample sizes to demonstrate therapeutic efficacy. Given the small number of CF patients, preliminary efficacy studies are cost-prohibitive, highlighting the need for rapid outcome measures such as biomarkers. Ideally, such biomarkers would provide a quantitative window to the most basic aspects of CF pathophysiology, allowing for the development and evaluation of therapies prior to large-scale clinical trials. The basic defect of CF lung disease occurs in the airways where dysfunction of the CF transmembrane conductance regulator and epithelial sodium channels is thought to create an ionic gradient that causes excessive liquid absorption across the epithelium [2] [3] [4] [5] [6] [7] . This results in a dehydrated airway surface liquid layer, defective mucociliary clearance and an increased proclivity for infection and inflammation.
Aerosol-based methods have been developed to measure mucociliary clearance in the lung and used to demonstrate the efficacy of inhaled osmotic therapies [8] [9] [10] . We have developed an aerosol technique to measure both mucociliary clearance and the absorptive clearance of a hydrophilic small molecule (DTPA) in whole, central and peripheral lung regions.
We hypothesised that the absorptive clearance of DTPA would occur at an increased rate in the CF airway based on several potential contributory mechanisms. Pro-inflammatory cytokines have been shown to increase airway tight junction permeability, potentially resulting in increased DTPA absorption rates with inflammation [11] . Epithelial damage and denudation have been shown to directly increase DTPA absorption [12] . Finally, bulk liquid flux across the epithelium caused by osmotic gradients has been shown to alter DTPA absorption rates [13] . Presumably this occurs through a solvent drag mechanism that affects the amount of DTPA available at the epithelial surface for paracellular absorption. Liquid hyperabsorption after volume addition has been well described in in vitro models of the CF airway [14, 15] and may contribute to increased DTPA absorption rates in the CF airway after aerosol volume addition. Measurements of DTPA absorption in the airways may be useful for detecting the acute changes in liquid absorption that would be expected after successful treatment with an osmotic or a channel-modulating therapy. The same biomarker, if applied longitudinally, might be useful for quantifying the decreases in epithelial permeability that may be expected with an anti-inflammatory therapy or with a healing epithelium.
MATERIALS AND METHODS
In this pilot study, we compared measurements of mucociliary clearance and DTPA absorptive clearance in whole, central and peripheral lung zones of 10 CF subjects and 11 healthy controls using a dual isotope technique.
Aerosol delivery
Subjects were enrolled in two sequential groups (n511: six controls, five CF; n510: five controls, five CF). Both groups inhaled the test aerosols, which contained technetium-99m sulfur colloid (Tc-SC) and Indium-111 (In-)DTPA in normal saline from a Whisper-Jet nebuliser (Vital Signs Colorado, Inc., Englewood, CO, USA) driven by 8 L?min -1 oxygen. Group 1 inhaled for 8 min without delivery controls. Group 2 inhaled for 4 min using visual feedback to control inhalation flow rate (0.5 L?s -1 ) and audible feedback to maintain a set respiratory pattern. This change in delivery technique was made to improve inter-subject dosing uniformity. The breathing pattern was intended to provide both central and peripheral lung dosing. Subjects were seated during aerosol delivery. More detail on aerosol delivery is included in the methods supplement, provided as part of the online supplementary material.
Imaging and image analysis Subjects were imaged continuously for 60 min after aerosol delivery while lying recumbent. Independent windows (based on photon energy level) were used to depict the clearance of Tc-99m and In-111. Counts from the clearance images were corrected for decay time, background and isotope spillover, and fit to single exponential curves. These curves were evaluated at 60 min and those values reported. (Details are included in the online supplementary material.) As In-DTPA can be cleared from the lung by both absorption and mucociliary clearance mechanisms, the absorptive clearance rate was defined as the difference between 60-min clearance rates of In-DTPA and Tc-SC.
Xenon-133 equilibrium images were used to define the lung outlines. Only the right lung was used to avoid interference from the stomach. Posterior images were used. The whole lung region was defined with a lung-shaped outline, while central clearance was measured within a rectangular zone with one-half the height and one-half the width of a rectangle containing the whole lung outline. The peripheral zone was the difference between the whole and central lung zones.
We estimated the radiation exposure associated with aerosol delivery and xenon inhalation to be ,68 mREM (0.68 mSv), effective dose equivalent.
Statistical methods
Measurements of Tc-SC, In-DTPA total and In-DTPA absorptive clearance were compared by zone in CF and control subjects using nonparametric (Mann-Whitney) tests. A series of independent linear regressions was performed comparing measurements of aerosol dose and distribution with clearance rates to determine whether differences in aerosol delivery techniques or normal inter-subject dosing variations might have affected the study results. Deposited counts of each isotope in each zone were included in this analysis along with central/peripheral dose ratios for both In-DTPA and Tc-SC (c/ p In and c/p Tc).
RESULTS

Subject characteristics
Testing groups 1 and 2 were combined for preliminary analysis. Two subjects (one CF, one control) were identified as obvious outliers with whole lung Tc-SC clearance rates more than two SDs above the average of the group: 25% and 32%, respectively, versus a mean¡SD of 10¡7% in the CF group and 9¡9% in the control group (n521). These outliers were excluded from further analyses. Subject data are presented in table 1 (n519). The CF subjects exhibited well-maintained pulmonary function, as summarised in table 2 with other potentially pertinent clinical information regarding medication history. The ratios of central/peripheral aerosol deposition are also included in table 1. No significant differences in these ratios were observed when comparing CF and control subjects (c/p Tc: p50.62, c/p In: p50.41; Mann-Whitney). Values of c/ p In were slightly increased compared with c/p Tc in 15 out of 19 subjects (p50.004, Wilcoxon signed-rank test). figure 3 . There was a trend towards increased absorptive clearance in the peripheral zones in CF, but the difference was not statistically significant (p50.14). Linear regression modelling to determine the effects of dosing variability Linear regression was used to determine whether differences in deposited dose caused by aerosol delivery technique or normal inter-subject differences might have affected measurements of clearance. No significant correlations were found between Tc-SC clearance and any dosing variable. c/p dose ratios were not predictive of In-DTPA or Tc-SC clearance. The deposited dose of In-DTPA significantly predicted absorptive clearance rate in all zones and total In-DTPA clearance in whole and peripheral zones. The absorptive clearance rate was inversely related to In-DTPA dose with higher doses clearing more slowly on a percentage per hour basis. Central lung absorptive clearance was significantly increased in CF subjects compared with controls using a linear regression model that included the effects of deposited In-DTPA dose (p50.05).
Effect of outliers
DISCUSSION
Mucociliary clearance plays a vital host defence role in the lungs by providing rapid mechanical clearance of deposited particulates and pathogens. In the current study, no deficits in mucociliary clearance rate were detected in the CF subjects. DONALDSON et al. [9] demonstrated deficits in 24-h clearance in CF that were not detectable in similar 60-min measurements. Both studies included CF groups with well-preserved pulmonary function. These studies imply that baseline deficits in mucociliary clearance may not be detectable in more healthy CF subject groups, at least not using 60-min measurements.
In contrast, In-DTPA clearance was significantly increased in CF in all lung zones. It was notably rapid, with 56% of deposited material being cleared within 1 h in CF and 44% in the controls. This clearance includes both mucociliary and absorptive components which can be differentiated through our technique. Absorption was the dominant component, comprising 86% of total whole lung clearance in CF and 84% in controls. Absorptive clearance was significantly increased in the airway-dominated central lung zones in CF and also in the whole lung zones.
Whole lung DTPA absorption has been previously used as a gauge of alveolar epithelial permeability [16] [17] [18] [19] . In the CF airways, epithelial injury and increases in tight junction permeability associated with infection and inflammation would be expected to increase baseline permeability [11, 12] . DTPA is a small hydrophilic molecule, and it is likely that it remains in an aqueous solution and moves in parallel to fluid flux in the airway. In vivo animal data support the notion that DTPA is a marker of fluid flux. DTPA absorption across an isolated trachea was accelerated or slowed when the airway lumen was bathed with hypotonic or hypertonic fluid (saline or mannitol), respectively [13] . Numerous studies have demonstrated excessive airway surface liquid absorption in the CF airway [14, 15] , and the hyperabsorption of the liquid associated with the aerosol could provide the mechanism for the increased rates of DTPA absorption noted in the CF subjects.
The data from our pilot clinical study do not allow us to differentiate liquid absorptive effects versus effects associated with epithelial permeability. Measurements of DTPA absorption in the airways may be useful for detecting both immediate changes in liquid absorption, as might be found after treatment with an osmotic or a channel-modulating therapy, and longer term changes in epithelial permeability as might be found after anti-inflammatory treatments or with a healing epithelium. Longer term effects would logically require longitudinal measurements. Both of these applications require further study with the next logical step being assessment of response to a known therapy.
Differences in aerosol deposition pattern have been shown to affect measurements of mucociliary clearance [8] . In the present study, two different aerosol delivery techniques were used (details included in the methods provided as part of the online supplementary material). In any study a certain amount of dosing variability can be expected, and when comparing subjects with lung disease and controls, true dose matching is even less likely. Differences in dosing can be accurately depicted through a series of variables considering radioactive counts of each isotope in each lung zone, and the ratio of these doses in central versus peripheral zones. The use of linear regression models provided us with a means to determine and correct for differences in aerosol deposition, ultimately allowing us to combine subject groups receiving the aerosols through different techniques. These regression models demonstrated an important inverse relationship between deposited In-DTPA dose and absorption rate. Higher deposited doses of In-DTPA resulted in proportionally slower percentage per hour absorptive clearance rates in all zones, surprisingly indicating a finite capacity for DTPA transport even across the large surface area of the peripheral lung. After correction for dosing effects, significant increases in central lung absorptive clearance were still noted in the CF subjects.
One limitation of our technique is our inability to truly segregate alveolar and airway zones. Results from the central zones were undoubtedly influenced by alveolar tissue overlying the airways. However, comparisons of the central and peripheral zones are still useful for demonstrating the relative effects of the airways. A comparison of the central and peripheral zones used in our analysis demonstrated expected effects. Mucociliary clearance was 2-3 times higher in the central zones while absorptive clearance was significantly increased in peripheral zones, giving some indication that our designated zones are anatomically distinct. Another study limitation was the presence of two outliers which were removed from the analyses based on whole lung mucociliary clearance measurements that were .2 SD above the mean for the group. We believe that technique-related issues (i.e. the inadvertent counting of oesophageal material) must have produced the errant results, although this could not be absolutely determined, and these outliers may indicate that a higher level of variability would be found in a larger population.
This study demonstrates a basic physiological difference in the CF airway that is easily measurable at a macroscopic level, apparent in subjects with well-maintained pulmonary function, and likely to be related to the basic defects of CF lung disease. Increased airway epithelial permeability may contribute to the increased absorption rates demonstrated in the CF subjects. Liquid hyperabsorption may also contribute at a significant level. We believe that our aerosol technique can be further developed into a biomarker to independently quantify either of these mechanisms, providing indication of therapeutic efficacy ahead of currently available indicators. Importantly, these studies can be performed with low to minimal radiation exposures making multiple measurements and application in paediatric populations feasible.
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